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Abstract: Both physical and chemical processes affect the fate and transport of herbicides. It is 
useful to simulate these processes with computer programs to predict solute movement. Simulations 
were run with HYDRUS-1D to identify the sorption and degradation parameters of atrazine through 
calibration from the breakthrough curves (BTCs). Data from undisturbed and disturbed soil column 
experiments were compared and analyzed using the dual-porosity model. The study results show 
that the values of dispersivity are slightly lower in disturbed columns, suggesting that the more 
heterogeneous the structure is, the higher the dispersivity. Sorption parameters also show slight 
variability, which is attributed to the differences in soil properties, experimental conditions and 
methods, or other ecological factors. For both of the columns, the degradation rates were similar. 
Potassium bromide was used as a conservative non-reactive tracer to characterize the water 
movement in columns. Atrazine BTCs exhibited significant tailing and asymmetry, indicating 
non-equilibrium sorption during solute transport. The dual-porosity model was verified to best fit 
the BTCs of the column experiments. Greater or lesser concentration of atrazine spreading to the 
bottom of the columns indicated risk of groundwater contamination. Overall, HYDRUS-1D 
successfully simulated the atrazine transport in soil columns.  
Key words: atrazine transport; bromide; HYDRUS-1D; soil column; dispersivity; breakthrough 
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1 Introduction 
Agricultural chemicals are applied worldwide to enhancing or protecting agricultural 
products. However, excessive or inappropriate usage of chemicals will damage the 
environment and water resources. Decision makers need predictions of the fate of agricultural 
chemicals in soil to design management strategies to minimize the adverse impacts. In Chile, 
where export agriculture and viticulture has dramatically expanded in the last 20 years, it is 
common to use herbicides during the autumn and winter seasons, either for the entire soil 
surface or only over the plantation rows. One of the herbicides most commonly used has been 
simazine, which is mainly used to control broadleaf weeds (Suárez et al. 2007). Atrazine is 
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also a herbicide widely used to control broadleaf weeds for the protection of corn, sugarcane, 
grain sorghum, tea, etc. Atrazine and its dealkylated metabolites deethyl-atrazine (DEA) and 
deisopropylatrazine (DIA) have been detected in surface water and groundwater (Thurman 
et al. 1991, 1994). The principal causes of atrazine’s presence in streams and shallow 
groundwater are its widespread use in conjunction with its moderate persistence in soil. Since 
the introduction of atrazine to China in the early 1980s, its consumption in China has been 
increasing by 20% each year (Shu 2000). In China, in the Yanghe Watershed where corn is 
cultivated, atrazines with concentrations of 3.29 and 0.72 ȝg/L have been found in 
groundwater at depths of 15 m and 130 m, respectively (Ye et al. 2001; Ren and Jiang 2002).  
Many models have been developed to simulate and predict the fate and transport of 
agricultural chemicals. The most famous models are based on convection-dispersion equations 
and consider such mechanisms as convection, dispersion, sorption, and degradation. The 
transport of solutes, including herbicides, has been widely studied under field and laboratory 
conditions in both disturbed and undisturbed soil columns. The sorption and degradation of 
herbicides are included in the studies (van Genuchten 1981; van Genuchten and Wagenet 1989; 
Gamerdinger et al. 1991). 
The main objectives of this study were to simulate atrazine transport in soil columns 
with the HYDRUS-1D model, to evaluate the model’s applicability in simulating atrazine 
transport in soil columns, and to investigate atrazine sorption and degradation behaviors in 
soil columns. The data used in the case study were collected from undisturbed and disturbed 
soil columns. 
2 HYDRUS-1D model 
HYDRUS-1D was developed in support of the HYDRUS model (Simunek et al. 2005). It 
may be used to simulate one-dimensional water flow, heat transport, and the movement of 
solutes involved in consecutive first-order decay reactions in variably saturated soils. It uses 
the Richards equation for simulating variably saturated flow and Fickian-based 
advection-dispersion equations for heat and solute transport. For solute transport, 
HYDRUS-1D considers advective-dispersive transport in the liquid phase as well as diffusion 
in the gaseous phase. Convective transport involves the passive movement of dissolved 
constituents with flowing water. Dispersive transport is a result of differential water flow 
velocities at the pore scale. 
Displacement of solutes is generally described by the convection-dispersion equation. For 
one-dimensional vertical transfer in a variably saturated medium where neither adsorption nor 
degradation occurs, it is expressed as follows: 
 
   C v CCD
t z z z
T TTw ww w§ · ¨ ¸w w w w© ¹  (1) 
where T is the volumetric water content, C is the solute concentration, t is time, D is the 
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hydrodynamic dispersion coefficient, z is the positive depth measured downward, and v is 
the average pore water velocity. For a two-region and dual-porosity type solute transport, 
Eq. (1) becomes 
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where the subscripts m and im refer to mobile and immobile regions, respectively; 1mf T T   
is equivalent to the fraction of adsorption sites in contact with the mobile liquid; U  is the soil 
bulk density; S  is the sink term in the flow equation (adsorbed concentration); O  is the 
first-order degradation constant; and v is the average pore water velocity in the mobile region: 
1
mv qT   (3) 
where q  is the water flux. Introducing linear adsorption and assuming uniform water flow in 
homogenous soil leads to the following equations: 
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where dK  is the distribution coefficient or first-order entrainment (detachment) coefficient. 
Diffusion transfer of solutes between the two water regions is modeled as a first-order process. 
First-order degradation is assumed to take place in the immobile region: 
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where D  is the mass transfer coefficient. Combining Eqs. (4) and (5) yields 
   
   2m m mm d m m m m m m im2C C Cf K D v C C Ct z zT U T T T O D
w w w     w w w  (6) 
This equation describes the solute transport in a two-region flow system considering 
adsorption and degradation in both mobile and immobile regions.  
3 Materials and methods 
3.1 General features of study area 
The soil samples were collected in the upper Rhone River Valley between Martigny and 
Charrat, in Valais in Southwest Switzerland, about 460 m above sea level (Zhang et al. 2008). 
Pits were excavated along one transect from east to west with a distance of 21.1 m to collect 
the soil samples. In these pits, various soil samples were randomly collected at depths from 0 
to 90 cm to prepare disturbed soil columns. The alluvial plain is used for cultivation purposes 
and is given great attention due to its economic, environmental, and ecological importance. 
The reason for choosing this area as a research region is as follows: The soil type is 
characterized by high hydraulic conductivity (mainly silty and sandy soils), relatively low clay 
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and organic matter content, intensive agricultural use, and low depth of the water table. The 
aquifer is generally unconfined, but due to heterogeneities of the alluvial deposits, it may be 
locally confined. It is located in the upper 20-m layer of sediment but its thickness may vary. 
The water table lies 1 to 2 m below the soil surface, varying in time and space. Generally, the 
water levels in the Rhone River are higher in summer and about 40 to 60 cm lower in winter 
(Zhang 2003). The water flow at nearby channels and drains is mainly parallel to the Rhone 
River in a westerly direction and with an average gradient of 1%. Local water flow and 
piezometric heights are strongly influenced by inflow from and drainage to surface waters 
(the Rhone River, runoff from nearby mountains, channels, and local drains). The soil 
layers consist mainly of sand and silt and also gravel in the lower part of the valley. The 
organic matter content and the clay content are generally low: less than 2% and less than 
10%, respectively.  
3.2 Column experiments 
For measuring the soil columns in the experiment, two stainless steel cylinders with an 
internal diameter of 25 cm and a length of 60 cm were used to collect undisturbed soil at the 
vicinity of the study area and carried to the laboratory for experimentation, after many days of 
saturation and drainage. The bulk density dU , porosity n, and pore volume oV  were 
calculated according to the following equations: 
d w
c
W
V
U U T 
                               
(7) 
d
s
1n UU   (8) 
o cV nV  (9) 
where W  is the mass of the soil column, cV  is its volume, wU  is the density of water, and 
sU  is the density of the solid fraction, assumed to be 2.65 g/cm3. T is obtained from the small 
soil samples collected at each of the sites around the columns. 
The soil bulk density, porosity, and pore volume of undisturbed soil columns were 
calculated and are presented in Table 1. 
Table 1 Basic properties of undisturbed soil columns 
Column Length of soil column (cm) Bulk density (g/cm3) Porosity (%) Pore volume (cm3) 
A 53.4 1.49 43.8 11 470 
B 53.9 1.45 45.2 11 960 
C 53.1 1.54 41.9 10 920 
D 52.4 1.50 43.4 11 160 
Disturbed soil was collected at four sites to organize disturbed soil columns of the same 
dimensions. Soils were air-dried at room temperature, gently crushed, sieved at 2 mm, and 
then used to pack four disturbed columns (Zhang 2003). These columns were expected to have 
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similar bulk densities to the respective undisturbed columns. The average percentages of 
clay, loam, and sand were 6.2%, 35.8%, and 58.0%, respectively, in disturbed and 
undisturbed soil columns. 
Basic soil properties such as soil bulk density, porosity, and pore volume of disturbed soil 
columns were calculated and are presented in Table 2.  
Table 2 Basic properties of disturbed soil columns 
Column Length of soil column (cm) Bulk density (g/cm3) Porosity (%) Pore volume (cm3) 
E 54.3 1.44 45.6 12 180 
F 53.5 1.42 46.3 12 190 
G 53.3 1.42 42.8 11 250 
H 52.8 1.49 43.7 11 350 
Potassium bromide (KBr) was applied in the columns along with the pesticides to trace 
the water movement. Effluent samples were collected in glass bottles periodically. The 
samples were refrigerated and filtered (0.45 μm) before being analyzed to obtain the 
breakthrough curves (BTCs) (Zhang et al. 2008). The flow rate Q was calculated by dividing 
the collected effluent volume by the duration of the effluent collection. The corresponding 
solution flux q was obtained through the following equation: 
 
Qq
A
  (10) 
where A is the cross-sectional area of the column. The average pore water velocity v was 
calculated by the following equation:  
 
qv
n
  (11) 
The input concentrations 0C  and number of pore volumes oV V  of solution applied during 
the experiments are listed in Table 3, where V is the volume of solution injected into the column. 
Table 3 Chemical input concentration and number of pore volumes of solution applied in        
undisturbed and disturbed soil columns 
KBr Atrazine 
Column 
0C  (mg/L) oV V  0C  (mg/L) oV V  
A 51.1 1.12 25.9 1.12 
B 4 624/2 408 0.34/0.73 23.7/11.9 0.34/0.73 
C 6 844/2 895 0.25/0.62 29.5/14.2 0.25/0.62 
D 2 440 0.61 25.3 0.61 
E 74.1 0.82 19.7 0.56 
F 69.5 0.93 19.6 1.11 
G 69.5 0.85 21.5 1.12 
H 72.8 1.07 22.0 0.79 
3.3 Properties of applied chemicals 
Atrazine is one of the most common surface water and groundwater contaminants. 
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Extensive detection in both surface water and groundwater shows that atrazine is mobile and 
persistent. The molecular formula of atrazine is C8H14CIN5 and the molecular weight is 215.68. 
Its solubility in water lies between 25 to 33 mg/L at various temperatures from 20 to 25 , the ć
octanol/water partitioning coefficient owK  varies from 10
2.34 to 102.80 at 25 , andć  the acid 
dissociation constant is around 1.70. The persistence of atrazine is dependent on many factors, 
including pH, moisture content, temperature, and microbiological activity. Hence, the 
half-lives of atrazine obtained from different sources might vary significantly. For the 
sunlight-exposed ring-labeled atrazine with a concentration of 0.10 mg/L under aerobic 
conditions, the half-lives were 330 and 380 days for two agricultural soils, and 15 and 20 days 
for estuarine sediments, respectively (from spectrum experiment) in a study by Zhang et al. 
(2008). Hornsby et al. (1996) reported a very wide range of field dissipation half-lives, from 
13 to 400 days. 
First, undisturbed soil column experiments were carried out with atrazine and KBr with 
relatively high concentrations in order to detect KBr in the effluents with a simple 
conductivity meter. It was observed that such high concentrations were not optimal for ion 
chromatography analysis. Consequently, KBr with lower concentrations was used (Zhang et al. 
2008). During the experiments, some solutions were diluted accidentally due to a technical 
problem with the magnetic valve. The resulting concentration changes were treated as two 
successive solute pulses of different concentrations.  
4 Application 
To assess the applicability of the HYDRUS-1D model in modeling atrazine transport in 
soil columns, the dual-porosity model with two-site sorption in the mobile region (Simunek 
et al. 2005) was used to model KBr and atrazine transport in soil columns.  
4.1 Fitting of bromide BTCs  
The inverse algorithm of HYDRUS-1D (Simunek et al. 2005) was used to fit the KBr 
BTCs in both undisturbed and disturbed soil columns to calibrate the water flow parameters. 
Basically, the BTCs of the conservative tracer bromide had been fitted with the 
dual-porosity non-equilibrium solute transport model. Apart from the distribution coefficient 
or first-order entrainment coefficient ( dK ) and longitudinal dispersivity ( LD ), this model 
encompasses other key parameters: the fraction of adsorption sites classified as type-1 in the 
mobile region ( fracM ), the first-order rate coefficient for non-equilibrium adsorption (Z), and 
the mass transfer coefficient (D ), the reverse osmosis ( or ), and the immobile water content 
( hlmT ). In order to minimize or avoid parameter complexities in fitting procedures, dK  and 
the first-order rate constant for the solutes in dissolved phase ( wP ) were neglected and their 
values were set to be zero. As such, only six parameters, LD , fracM , Z , D , or , and hlmT , 
were fitted.  
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The parameters used for simulation and the resulting values of the fitted parameters are 
given in Table 4. The coefficient of determination 2R  is presented in Table 4. The observed 
and simulated BTCs for KBr are presented in Fig. 1.  
Table 4 Parameters used to fit bromide BTCs and resulting values  
Column or (m/L) LD  hlmT  dK  (cm
3/kg) wP  (h
í1) Z (L/h) fracM  D  R2 
A 1.5 3.81 0.1 0 0 0.1 0.2 0.1 0.990 
B 1.5 1.82 0.1 0 0 0.1 0.2 0.1 0.963 
C 1.5 1.37 0.1 0 0 0.1 0.2 0.1 0.974 
D 1.5 2.70 0.1 0 0 0.1 0.2 0.1 0.971 
E 1.5 1.81 0.1 0 0 0.1 0.2 0.1 0.954 
F 1.5 1.16 0.1 0 0 0.1 0.2 0.1 0.946 
G 1.5 1.52 0.1 0 0 0.1 0.2 0.1 0.991 
H 1.5 1.85 0.1 0 0 0.1 0.2 0.1 0.975 
It appears from the high values of the coefficient of determination 2R  in Table 4 and 
Fig. 1 that the dual-porosity model with two-site sorption in the mobile zone with fitted LD , 
fracM , Z , and D  values describes bromide BTCs quite well. 
4.2 Fitting of atrazine BTCs 
The dual-porosity transport model was applied to fitting the atrazine BTCs with more 
parameters being fitted, including LD , dK , fracM , wP , Z, or , hlmT , and D . Instantaneous 
sorption was assumed. The fixed and fitted values of the parameters are given in Table 5. The 
measured and fitted atrazine BTCs are presented in Fig. 2. 
Table 5 Parameters used to fit atrazine BTCs and resulting values 
Column or (m/L) LD hlmT wD  (cm
2/h) dK  (cm
3/kg) wP  (hí1) Z (L/h) fracM  D  R2 
A 1.5 3.81 0.1 0 0.300 0.000 2 0.001 0.3 0.5 0.993 
B 1.5 1.82 0.1 0 0.200 0.000 2 0.001 0.3 0.5 0.997 
C 1.5 1.37 0.1 0 0.378 0.000 2 0.001 0.3 0.5 0.967 
D 1.5 2.70 0.1 0 0.298 0.000 2 0.001 0.3 0.5 0.984 
E 1.5 1.81 0.1 0 0.295 0.000 2 0.001 0.3 0.5 0.986 
F 1.5 1.16 0.1 0 0.254 0.000 2 0.001 0.3 0.5 0.966 
G 1.5 1.52 0.1 0 0.307 0.000 2 0.001 0.3 0.5 0.992 
H 1.5 1.85 0.1 0 0.340 0.000 2 0.001 0.3 0.5 0.998 
4.3 Comparison of parameters derived from disturbed and undisturbed 
soil column experiments 
Undisturbed soil was carefully collected in order to minimize alteration of its structure. 
Disturbed soil was air-dried and aggregates were thoroughly crushed to a fine diameter of less 
than 2 mm and homogenized before packing (Zhang et al. 2008). Hence, the soil structure was 
deeply disturbed, leading to its distinction from the undisturbed soil as well as the obtained 
pore water velocity and dispersivity from the equilibrium transport model. The average pore  
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Fig. 1 Comparison of measured BTCs and fitted BTCs of KBr with dual-porosity model with        
two-site sorption in mobile zone  
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Fig. 2 Comparison of measured BTCs and fitted BTCs of atrazine with dual-porosity model with     
two-site sorption in mobile zone 
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water velocity values in disturbed soil columns range from two to ten times greater than that in 
undisturbed columns, and the associated values of dispersivity are also higher. A comparison is 
provided in Table 6. 
Table 6 Comparison of pore water velocity, dispersion coefficient, and dispersivity of undisturbed and 
disturbed soil columns 
Column v (cm/h) D (cm2/h) LD  
A 0.064 8 0.284 4.38 
B 0.037 3 0.119 3.19 
C 0.024 9 0.037 1.49 
D 0.037 0 0.125 3.38 
E 0.139 0 0.567 4.08
 
F 0.404 0 1.459 3.61 
G 0.201 0 0.318 1.58 
H 0.151 0 0.464 3.07 
It can be seen from Table 6 that the calculated values of LD , which is the ratio of D v , 
are not much different for undisturbed and disturbed columns. This indicates either that the 
soil structure has a weak influence on dispersivity for the type of soil under consideration, or 
that the soil has a minute structure. The LD  value in column C was slightly lower than that 
in the other undisturbed columns, and the highest value of LD  was obtained in column A. 
The LD  value in column F was much higher than that in the other disturbed soil columns. 
This can be traced to low velocity in column C and higher velocity in column F and column A. 
Generally, the values of LD  were slightly lower in disturbed soil columns, suggesting that the 
more heterogeneous the structure is, the higher the dispersivity. 
The average value of dK  for undisturbed columns (0.293 cm
3/kg) was close to that for 
disturbed columns (0.299 cm3/kg). The average dispersivity of non-reactive bromide for 
undisturbed soil columns was 3.11, whereas for disturbed columns it was 3.09; no significant 
difference can be seen. The average atrazine concentration removed from undisturbed columns 
was higher than in disturbed columns. The average pulse duration ( pt ) was five times higher 
in undisturbed columns than in disturbed columns. Discussion was based on fitting of atrazine 
BTCs with the coefficient of determination ( 2R ). The high 2R  values of the fittings of the 
KBr BTCs support the assumption that KBr functioned as a non-reactive tracer in the soil 
columns (without adsorption or degradation). In the results, dK  shows slight variability. 
The slight variability might result from the differences in soil properties, experimental 
conditions and methods, or other environmental and ecological factors. For both of the columns, 
the values of wP  were similar. The atrazine BTCs were asymmetric for each column (Fig. 2) 
and exhibited long tailing, indicating non-equilibrium sorption during solute transport. This is 
in agreement with the findings of Mao and Ren (2004), who reported that atrazine exhibited 
chemical non-equilibrium sorption in sandy soil, and its BTCs exhibited long tailing, typical 
of non-equilibrium sorption. According to Green and Obien (1969), in the case of soils of low 
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adsorption capacity, the herbicide concentration in soil solution varies significantly with soil 
water content. The overall results in fitting BTCs with HYDRUS-1D showed that the model 
performed quite well, and hence it is applicable to the modeling of solute (atrazine) transport 
in the soil column.  
5 Conclusions 
The dual-porosity solute transport model assumes that the liquid phase can be divided 
into mobile and immobile regions, while solute exchange between the two liquid regions is 
modeled as a first-order process. The observed atrazine and KBr BTCs for undisturbed and 
disturbed soil columns were simulated with the HYDRUS-1D dual-porosity model with 
two-site sorption in the mobile zone. The conservative chemical bromide was first modeled in 
order to trace the water movement in the soil. Atrazine BTCs were asymmetrical and exhibited 
significant tailing, indicating non-equilibrium sorption. The research proves that the overall 
performance of HYDRUS-1D is good and its application in simulating the movement of 
herbicide atrazine and conservative tracer bromide in soil columns is effectively described by 
the implemented non-equilibrium solute transport model (dual-porosity model with two-site 
sorption in the mobile zone). The results show that the values of dispersivity are slightly lower 
in disturbed columns, suggesting that the more heterogeneous the structure is, the higher the 
dispersivity. Sorption parameters also show slight variability, which is attributed to the 
differences in soil properties and experimental conditions. For both of the columns, the 
degradation rates were similar. 
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